The search for new low cost, safe and high capacity cathodes for lithium batteries has fo cussed attention recently on Li 2 FeSiO 4 . The material presents a challenge because it exhibits complex polymorphism and when it is electrochemically cycled there is a significant drop in the cell voltage related to a structural change. Systematic studies based on density functional theory techniques have been carried out to examine the change in cell voltages and structures for the full range of Li 2 FeSiO 4 polymorphs (β II , γ s and γ II ) including the newly elucidated cycled structure (termed inverse-β II ). We find that the cycled structure has a 0.18-0.30 V lower voltage than the directly synthesized polymorphs in accord with experimental observations. The trends in cell voltage have been correlated to the change in energy upon delithiation from Li 2 FeSiO 4 to LiFeSiO 4 in which the cation-cation electrostatic repulsion competes with dis tortion of the tetrahedral framework.
Introduction
The next generation of lithium batteries for use in electric vehicles and in large scale storage of renewable energy require new electrode materials that are low cost, safer and have a high capacity.
One group of materials under investigation are polyoxyanion compounds in which the strong bind ing of oxygen gives greater thermal stability than in the transition metal oxides. Recently attention has been focussed on lithium iron silicate (Li 2 FeSiO 4 ), a polyoxyanion compound that offers a cathode made from iron and silicon which are abundant and inexpensive materials. space group Pmn2 1 . In this β -structure chains of LiO 4 tetrahedra run along the a direction parallel to chains of alternating FeO 4 and SiO 4 tetrahedra. Nishimura et al. 5 reported the structure of Li 2 FeSiO 4 prepared at 800 • C and designated by these authors as γ s (space group P2 1 ). It differs from the other γ structures in that there are no edge sharing trimers of tetrahedra; instead one set of LiO 4 tetrahedra are arranged in edge sharing pairs with FeO 4 tetrahedra, whilst the other set of LiO 4 tetrahedra forms edge sharing pairs with itself. More recently this description has been simplified using the higher symmetry space group P2 1 /n. 6 Sirisopanaporn et al 7 
Methods
All of our calculations were performed within the framework of density functional theory using the plane wave code CASTEP. 30 Since we require optimised lattice parameters the basis set was converged against the stress which is more sensitive to an under-converged basis set than the forces.
A cutoff energy of 700 eV with a kpoint mesh density of at least 0.04 Å −1 was needed to adequately converge the stress. We used ultrasoft pseudopotentials generated using the internal on-the-fly scheme which makes tailored pseudopotentials for the system and takes care of the non-linear core correction for iron. A ferromagnetic ordering of the moments on the Fe atoms was found to be lower in energy than an antiferromagnetic ordering, in agreement with the previous DFT work on the silicates. [15] [16] [17] [18] [19] [20] [21] Exchange and correlation were treated using the PW91 31 
Results and Discussion

Bulk Structures and Cell Voltages
Structural optimisation of all the Li 2 FeSiO 4 polymorphs was performed based on the crystal struc tures observed experimentally. The calculated and experimental structural parameters for the asprepared polymorphs (β II , γ s and γ II ) are compared in Table 1 , and show general good agreement, as found in other DFT studies. [15] [16] [17] [18] 20, 21 As noted, the cycled structure has been derived recently from neutron diffraction by Armstrong et al. 10 We have taken this experimentally derived structure as the starting point for our structure optimisations. It was first necessary to consider how the Li/Fe ions that share a site in the cycled structure (inverse-β II ) might order. Diffraction data show no evidence for long range order, so any order must extend over only limited distances. Different configurations of the shared (Li/Fe)O 4 sites were considered. For a P1 supercell there are three permutations of the two Li-Fe-Li-Fe rows in the unit cell. We have optimised supercells with these three mixing schemes and we find that alternation such that adjacent rows in the unit cell are out of step (Li-Fe/Fe-Li) is favoured over in-step alternation (Li-Fe/Li-Fe).
Optimised cell parameters are given in Table 2 is due to our use of the recently determined cycled structure and a fully stress converged basis set.
The absolute values of the cell voltages are around 0.3 V greater than measured which is a known feature of cell voltage calculations caused partly by the Li-metal reference anode that is used. 
Energetics and voltage trends
To understand the pattern of cell voltages for the iron silicate polymorphs we must again return to equation 1, which suggests that the cell voltage is proportional to the change in energy upon Figure 2 where the energy of each polymorph is plotted before and after Li removal. We must consider the relative energetics of the polymorphs before and after delithiation and how this correlates with the atomic and electronic structure and the nature of the bonding in each polymorph. 4 and SiO 4 tetrahedra before and after Li-removal for each polymorph. In the LiO 4 tetrahedra there is a large increase in the distortion of the shape of the tetrahedra after Li-removal which is especially pronounced in the β II structure. The LiO 4 tetrahedra have weakly hybridised bonds and they have the lowest energetic cost of distortion. The SiO 4 tetrahedra contain strong Si−O bonds which require considerable energy to become distorted. The SiO 4 distortion is most pronounced in the β II structure after Li removal which partly explains why its energy is so high ( Figure 2 ). It is of note that in the cycled (inverse-β II ) structure the level of distortion in all tetrahedra is not so different before and after Li-removal which may explain the small energy difference between Li 2 FeSiO 4 and LiFeSiO 4 and the low cell voltage.
delithiation (where the lithium metal chemical potential is a constant). This is illustrated in
It appears that the ionic and covalent aspects of the structure compete in order to reduce the long range electrostatic energy and the bond distortion energy. Cation repulsion acts to reduce the energy by maximising the cation spacings by expanding the cell volume. The covalent hybridised bonds act to minimise the energy by preventing distortion of the tetrahedral symmetry.
One further aspect to consider is the electronic density of states of the four polymorphs, which we have calculated using a fine 10×10×10 mesh to extract the band structure non-self consistently from the electronic structure. The LINDOS program was then used to sum the band occupancies at each energy and produce the density of states presented in Figure 5 . As found in previous work 16, 17, 20 tetrahedra. After delithiation to LiFeSiO 4 it undergoes a +5.6% volume expansion giving it the largest cation-cation spacings of the four delithiated polymorphs spacings. Crucially this does not introduce any significant extra distortion into the tetrahedra. The energy change upon delithiation is the smallest of all the polymorphs and it has the lowest cell voltage. The phase transition into the inverse − β II structure that occurs when the three as-prepared polymorphs are delithiated can be explained as maximising the cation-cation spacings by adopting the mixed cation ordering scheme. 
Conclusions
This systematic survey of the Li 2 FeSiO 4 cathode material has used DFT methods to provide deeper understanding into the cell voltage changes and related structure-property relationships of the range of complex polymorphs, which complement related experimental and theoretical work.
The following key points emerge from our study. The results suggest that the structural phase change into the cycled structure occurs upon lithium extraction because it has a particular cation arrangement that allows the cation-cation spacings to be maximised without significant distortion of the corner-sharing tetrahedra. In general, these findings suggest that structure-property features for high cell voltages in these iron-silicate cathode materials should include not only the formal valence state of Fe, but also the change in energy upon delithiation, which is influenced by the balance between the cation-cation repulsion and the distortion of the covalent tetrahedral framework, which is, in turn, influenced by the polymorph structure.
Further studies to investigate these structural properties are warranted, for example, directed towards the synthesis of a Li 2 FeSiO 4 polymorph that is stable from the outset to avoid the electro chemistry changing on cycling. Table S5 : Lattice parameters and relative total energies of the delithiated cycled polymorph (LiFeSiO 4 ). Sites 'Fe' and 'Si' are lithium atoms in rows next to iron and silicon respectively (these rows run vertically in figure Figure 1(h) ). Sites A and B refer to removal of lithium atoms from both types of row. Delithiation of the sites adjacent to silicon is preferred. 
